Forty-five Duroc (recognized as not susceptible to stress) and 34 Pietrain (susceptible to stress) pigs were subjected to immobilization stress in a prone position for 5, 15, 30 and 60 min. Plasma concentrations of epinephrine (E), norepinephrine (NE), dopamine (DA) and cortisol (C) were determined in response to restraint stress. The concentrations of E, NE and DA were different between the two strains of pigs (some significant interactions); the highest response was seen after 5 min of stress. The concentration of plasma C increased with duration of stress and there was a significant interaction between strain of animals and the time of stress. Our data substantiate the use of E, NE, DA and C as indicators of stress in swine as early as 5 min after exposure to the stressor. It is also shown that stress-susceptible Pietrain pigs had higher plasma concentrations of E, NE and DA than Duroc pigs.
Introduction
Stress susceptibility in pigs is a major problem in animal husbandry and may cause hyperthermia and muscle rigidity and be followed by sudden death within minutes (Madej et al., 1996) . The different types, time and intensity of stressor influence the activity of the sympathoneural and sympathoadrenal systems as well as the hypothalamic-pituitary-adrenal axis in different ways (Chrousos and Gold, 1992) . The stress response includes catecholaminergic areas located in the brain stem, and corticotrophin-releasing hormone (CRH), which regulates the peripheral sympathoneural systems and the pituitary-adrenal axis, respectively. In stress, sympathoadrenal (SA) and hypothalamo-pituitary adrenocortical (HPA) systems collaborate in maintaining internal body homeostasis, resulting in simultaneous increases of catecholamines (CA) from the SA system. Adrenalectomy causes elevation of dopamine (DA) levels in plasma, which is recognized as a precursor of catecholamines in sympathetic neurones. Rat plasma catecholamine levels were measured after a variety of stressors by McCarty and Saavedra (1978) and they concluded that both genetic and dietary factors were important in regulating the sympathetic responses of rats in acute stress. The degree of sympathetic responsiveness to the stressor was assessed by measuring plasma concentrations of epinephrine (E) and norepinephrine (NE) .
Plasma levels of catecholamines appear to increase less during the course of repeated exposure to the same stressor (Konarska et al., 1990) . The concentration of E, NE and DA are elevated after the application of different stressors in pigs (Dalin et al., 1993a (Dalin et al., , 1993b , but the cold stress does not change the level of E in pigs (Barrand et al., 1981) .
Peripheral concentrations of cortisol comprises a reliable indicator of stress in swine Mormede, 1981, 1983; Moss, 1981) . The stimulation of cortisol release from the adrenal cortex is under the control of adrenocorticotrophin hormone (ACTH) released from the pituitary gland and the hypophysis is stimulated by corticotrophin-releasing factor (CRF) released from the hypothalamus. The regulation of ACTH and in turn corticosteroid secretion involves a number of hormones secreted from either the hypothalamus or other tissues of the body, of which CRF comprises only one component (Jones and Gillham, 1988; Plotsky, 1988) . Differences in the metabolic clearance rate of cortisol were suggested as reasons for the differences in adrenal responsiveness among breeds of pigs (Marple and Cassenes, 1973) . So far, mainly cortisol was used to evaluate behavioural responses of the animal associated with stress (Baldwin and Stephens, 1973; Kattesh et al., 1980) , frustration and handling (Dantzer et al., 1980; Arnone and Dantzer, 1983) . Transport stress also has long-term effects on cortisol levels in pigs (Nyberg et al., 1988) .
Little is known about the relationship between the activity of the SA system and the HPA axis and the concentration of cortisol, E, NE and DA in swine during restraint stress. It should be mentioned that the response of gilts exposed to stress is not only dependent on stress susceptibility, but also on breed and herd. The study reported here was designed to determine whether breed differences in stress responsiveness could be accounted for by differences in responsiveness to restraint stress. In the present investigation, short-term and long-term effects of restraint stress on concentrations of cortisol and bioamines in Duroc (resistant to stress) and Pietrain (sensitive to stress) pigs were studied.
Materials and Methods

Animals and sampling
The experiment was carried out on 6-month-old pigs, 45 Duroc (D) and 34 Pietrain (P) of both sexes, weighing about 60 kg. The study was conducted at the Institute of Genetics and Animal Breeding in Jastrze ¦biec, Poland. The Animal Care and Use Committee of the Institute approved the use and treatment of animals in this study according to guidelines established by the World Society for the Protection of Animals. The pigs were kept in the farm and were fed standard food for pigs (19 % concentrate for pigs 'Orwit L' and 81 % bruised grain). Food and water were available ad libitum. Before the experiment, animals were tested for their sensitivity to halothane and DNA test sequence estimation of ryanodine receptor was also performed. According to our estimation, P pigs were susceptible to stress (90.6 % genotype of nn), and D pigs were recognized as not susceptible (84.7 % genotypes of Nn and NN).
The experiment began at least 1-2 months after their arrival in our animal room. One day before beginning the immobilization stress, the pigs were submitted to a food deprivation. On the day of the experiment individual pigs from each experimental group were transferred (walked to the slaughterhouse) to a special cage to be immobilized in a prone position.
Immobilization
Pigs were immobilized by taping all four limbs to metal mounts in a prone position for 5 (GII), 15 (GIII), 30 (GIV) and 60 (GV) min. Control animals were kept in the animal room (standing, not walking) and they were not subjected to immobilization stress. In all groups, blood was taken from each animal before (GI) and then after the 5th, 15th, 30th and 60th min of immobilization, and at the same points from control animals; next the animals were exsanguinated.
Cannulation procedure and blood sampling
Blood was taken from the jugular vein into tubes by a chronically indwelling polyethylene catheter (Venflon 2; 1.7 mm; L-45 mm; BOC Health Care Company, Helsingborg, Sweden) which had been inserted under general anaesthesia 1 week before the experiment. This avoided any influence on the stress response during collection blood samples of 1.5-4.0 ml at each time as indicated above and during exsanguination. The repeated blood sampling using this method should not affect plasma levels of cortisol and catecholamines or their metabolites Grassler et al., 1989; Kvetnansky et al., 1992b) .
The blood was then centrifuged (3000 g) at 4°C for 15 min. Plasma was aspirated and stored at −70°C, and assays were done within 3 months.
Plasma cortisol level
Plasma cortisol was assayed by radioimmunoassay (RIA; Farmos Diagnostica, Turku, Finland) using cortisol [
125 I] Radioimmunoassay Kit. The intra-assay coefficient of variation was 2.78 % at 20 nmol/l, the sensitivity was 3-5 nmol/l and the recovery was 101.6 %.
Catecholamine determination
The catecholamines -E, NE and DA -were measured using the Radioenzymatic Assay Kit Catechola (Immunotech, Praha, Czech Republic). The intra-assay coefficients of variation were found to be 3.1 % at 2.3 pmol/ml for E, 4.2 % at 2.3 pmol/l for NE and 4.1 % at 1.5 pmol/ml for DA. The cross-reactivity was tested between individual catecholamines by adding the individual catecholamine standards to the plasma and it was found to be lower than 2 %. The sensitivity of the assay was in the range of 0.37-400 pmol/ml for E, 0.53-400 pmol/ml for NE and 0.40-400 pmol/ml for DA.
Statistical analysis
Differences of mean values 2 SE between and within animal groups were evaluated by two-factorial analysis of variance (SAS/STAT guide for personal computers, SAS Institute Inc., Cary, NC). The relations between strains and time of immobilization were evaluated according to the equation:
where: m is the mean; S is the influence of strain (i = 1 or 2, i.e. Pietrain or Duroc); G is the influence of stress time (j = 0, 5, 15, 30, 60 min or decapitation); SG ijk is the interaction between the j-th group of stress and i-th strain of pigs; and e is the random error. Differences were considered to be significant at P ¾ 0.05 (single asterisk or small letters in tables) and P ¾ 0.01 (double asterisks or capital letters), where asterisks are describing the differences between control and stressed groups, but letters describe the differences between stressed groups of animals.
Results
Epinephrine
The average plasma concentrations of E in control P and D pigs were 0.96 and 1.02 pmol/ml, respectively (Table 1, this is the average across all time-points from 5 to 60 min). The walking of the animals to the slaughterhouse caused an elevation of E concentrations in P pigs by 97.4 % and in D pigs by only 10.6 %, as compared to the not-walking control pigs. Also, in each investigated group, the duration of stress caused the elevation of E (Table 1) to be higher in P pigs than in D ones. The level for pigs at 5 min of restraint stress was the highest, being about 6.2 times higher (on average) in P and 3.4 times higher in D pigs, as compared to control pigs (P ¾ 0.01). In P pigs this elevation was maintained at 15 min of stress, being about 4.3 times higher than in control pigs (P ¾ 0.01).
There were some statistical differences in the interaction between strains and interaction between strain and the stress group (Table 5) .
Norepinephrine
The average plasma concentration of NE in control P pigs was 2.31 pmol/ml and in D pigs 1.53 pmol/ml ( Table 2 ). The stress of walking caused an elevation of NE concentrations by 88.5 % in P pigs and by 58.3 % in D pigs. All concentrations were higher in experimental animals than in controls. Five minutes of stress caused a marked elevation of NE levels in P pigs by 2.84-fold, but in D pigs by 2.4-fold (P ¾ 0.01). In P pigs, the stress of walking to the slaughterhouse increased NE level (P ¾ 0.01), as well.
There was an interaction of strains in the level of norepinephrine (Table 5) . Statistical differences: control (GI) vs. stress time (GII-GV) or subscripts with the same letters (differences between stressed groups) differs: *, small letters -P ¾ 0.05; **, capital letters -P ¾ 0.01. E -mean from stressed groups. Number of animals shown in parentheses. Statistical differences: control (GI) vs. stress time (GII-GV) or subscripts with the same letters (differences between stressed groups) differs: * or small letters, P ¾ 0.05; ** or capitals, P ¾ 0.01. E,-means from stressed groups. Number of animals in parentheses
Dopamine
The average plasma concentrations of DA were 0.44 and 0.71 pmol/ml in control P and D pigs, respectively (Table 3) . Walking the animals caused a 66.9 % elevation of DA concentration in P pigs and 48.2 % rise in D pigs. The level of DA was substantially elevated in P pigs after 5 min (3.4 times) and 15 min (3.0 times); the same was observed for D pigs, but only after 5 min of restraint stress (2.7 times).
The interaction between stress groups was statistically significant (Table 5) .
Cortisol
The plasma concentration of cortisol was similar in control D and P pigs, being 175.3 nmol/l in P pigs and 171.2 nmol/l in D pigs, although some changes over the time of blood sampling were noticed (Table 4 ). The concentration of cortisol consistently increased during the time-course of restraint stress in each investigated group, being always highest in the pigs at the end of the stress time. The restraint stress caused an elevation of the cortisol concentration in each experimental group as compared to the control pigs (Table 4) .
There was an interaction (P ¾ 0.01) between pig's strains and stress groups (Table 5 ).
Discussion
The involvement of the sympathetic nerves and the adrenal medulla in physiological changes that result from exposure to stress is quite well documented (Axelrod and Reisine, 1984) . Plasma concentrations of NE and E are elevated significantly in a number of species after periods of psychological or physical stress, suggesting an enhancement of total sympathetic outflow. By measuring basal and stress-induced concentrations of plasma catecholamines (E, NE and DA) in pigs genetically sensitive to stressors, we sought to examine further the nature of this apparent correlation between sympathetic hyperresponsiveness to stress. In pigs, stress susceptibility is inherited by a single recessive gene (Hal n ), and homozygous individuals can be identified by their DNA or by exposure to halothane anaesthesia. However, the penetration of the gene is not usually 100 % and among P pigs from 31 % (Olivier et al., 1975) to 100 % of animals are sensitive to the halothane test (Minkema et al., 1977) . According to our DNA estimations, D pigs were not sensitive (89.7 % had Nn and NN alleles), but P pigs showed 90.7 % nn alleles, what is recognized as sensitive. In our experiment we also wanted to know the differences between strains (genotype) and between strains and time of stress. As it was expected, plasma concentrations of E, NE and DA increased immediately after 5 min of immobilization stress and were always higher in P pigs (sensitive to stress) than D pigs (Tables 1,  2 and 3 ). The influence of short stress time was mostly seen in the level of E and NE, but the longer stress influenced mostly the DA level (Table 5) . Bühler et al. (1978) reported a 28-fold increase for E, a 5.5-fold increase for NE and a three-fold increase for DA after 5 min of restraint stress; these higher values were kept on the same level over the period of 60 min. Similarly, Zhang et al. (1992) noticed that plasma NE concentration in pigs increased rapidly after a moderate exercise experiment, with the peak concentration at 10 min. On the other hand, some authors observed the peak of E and NE in rat (Pierzcha<a-Koziec, 1990) or in sheep (Dantzer and Mormede, 1979) after just 1 min of restraint stress. In our experiment, the interaction of genotype (strain of pigs) and time of immobilization stress was mostly seen in E and DA levels (Table 5) . Therefore, in addition to producing an acute activation of the SA medullary system, immobilization also alters the spinal systems responsible for tonic inhibition of sympathetic outflow. The walking of animals to the surgery room (physical activation) caused an increase of CA concentration (see Tables 1, 2 and 3) . Dalin et al. (1993b) observed also a higher NE level directly after relocation and at grouping of animals. The increased concentration of E was also measured after surgery at early awakening (Akerstedt et al., 1983) . It may be due to mental stress and may cause physiological effects, such as an increased plasma cyclic AMP level. The CA concentration decreased during anaesthesia and surgery but increased significantly directly after surgery, relocation, or grouping of pigs (Dalin et al., 1993b) which shows the effect of stressor on CA levels. The CA levels in this study were comparable with those seen 
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Statistical differences: control (GI) vs. stress time (GII-GV) or subscripts with the same letters (difference between stressed groups) differs: * or small letters, P ¾ 0.05; ** or capitals, P ¾ 0.01. E, means from stressed groups. Number of animals in parentheses. during transportation stress (Dalin et al., 1993a ), but they did not reach the level seen in pigs exposed to restraint stress induced by a skeletal muscle-paralysing drug (Häggendal et al., 1988) . There are almost no data concerning the level of catecholamines in pigs sensitive or insensitive to stress. In this study, the blood samples from control animals were taken from standing pigs. Walking of animals to the slaughterhouse also affected the results. It caused an elevation of E (by 1.94-fold in P and by 1.11-fold in D pigs), NE (by 1.89-fold in P and by 1.58-fold in D pigs) and DA (by 1.67-fold and by 1.48-fold in P and D pigs). The origin and function of plasma DA have not been definitively determined. Plasma DA appears to be delivered partly from the adrenals (Bühler et al., 1978; Kvetnansky et al., 1992a; Kvetnansky et al., 1992b; Fukuhara et al., 1996) , but most of it is from the sympathetic nerve terminals (Kvetnansky et al., 1979) . DA levels in urine and caudate nuclei were lower in stress-susceptible pigs than in control (Altrogge et al., 1980) . DA may be co-released with NE and some may be released from putative dopaminergic terminals. DA is rapidly conjugated or metabolized to 3,4-dihydroxylphenylacetic acid and homovanillic acid. According to Kvetnansky et al. (1979) during immobilization stress, the NE response is mostly due to release from sympathetic terminals with minor (20 %) contribution from the adrenal glands, but almost all of the E is released from the adrenal medulla. In rats, it has been demonstrated that the release of NE and E from the adrenal medulla is both under neuronal and non-neuronal control (Khalil et al., 1986) . Immobilization increases NE turnover and increases CA synthesis (Kvetnansky et al., 1992b) . There is also a rapid increase in plasma levels of DA, CA and metabolites during even a brief period of gentle handling of rats (Kvetnansky et al., 1978) . This may help to explain the problem of the large variability in 'baseline' plasma levels of these compounds in studies concerning stress responses. There is also a higher brain level of E and NE in pigs (Piekarzewska and Sadowski, 1995) , as compared to the values reported in the dog (Mefford et al., 1982) , and the involvement of brain E in the pigs' response to stress is particularly important. In general, plasma NE level is an indicator of sympathetic neural activity. Epinephrine on the other hand has been used as a measure of secretion for the adrenal medulla (Axelrod and Reisine, 1984; Goldstein, 1981) .
An intriguing additional finding in our study was that the restraint immobilization stress caused a substantial increase in cortisol concentration at all the investigated time-points in both groups. Under the conditions of this study, the average C concentration rose by about 78.3 % in P pigs and by about 80.4 % in D pigs after 5 min of immobilization, and up to 197.1 % and 140.2 % after 60 min in P and D pigs, respectively. Reports of Mitchel and Heffron (1982) showed, that stress-susceptible pigs had a lower net increase in cortisol after heat stress and exercise. Also Dantzer and Mormede (1983) and Becker et al. (1985) obtained very rapid changes in C level that were a function of the degree of novelty in pigs under stress (e.g. the pituitary-adrenal is very sensitive to short-term stress). Zhang et al. (1992) found a 6.17-fold increase of C level in pigs at the end of a 20-min period of moderate exercise in the high responders and a five-fold increase in the low-responding pigs, as compared to the resting pigs in the pen. According to Zhang et al. (1990) pigs responding strongly to exogenous ACTH have larger adrenal glands and higher adrenocortical cell density, which may result in a higher output of cortisol after ACTH administration or exposure to stressor.
Preslaughter stressors (handling, transport and loading) may affect the cortisol concentration in pigs (Moss, 1984; Spencer et al., 1984; Nyberg et al., 1988) . The results of Mormede and Dantzer (1978) suggest that Large White pigs have a higher tonic secretion of ACTH than Pietrain pigs, but with identical phasic responses to stimulation; halothane susceptibility by itself appears to have no influence on pituitary-adrenal function. This is also the case in the work of Nyberg et al. (1988) . The increased C concentration in our experiment in the untransported animals must have been due to handling or withdrawal of feed the morning before the experiment, or to a lower metabolic clearance rate of C (Marple and Cassenes, 1973) . The present data on plasma C concentration do not provide any simple relationship between these variables and the Hal n genotypes. The pigs were submitted to the same stress and produced small differences in blood C between genotypes (see Table 5 ). The absence of difference between the average level of C in both strains of animals may also be due to the relationship between stress susceptibility, breed and herd (no interaction between genotypes, see Table 5 ). On the other hand, the interaction of genotype and time of stress in our model indicates statistically important differences (in all groups). This suggests the genetic differences in the C convenetration in both strains of pigs was a response to immobilization. Some evidence indicates that other substances, such as brain catecholamines (Smythe et al., 1983) and opioid peptides (Tanaka et al., 1982) , may also be mediators or modulators in the stress-induced response of the HPA axis. It may be concluded that in pigs the plasma levels of C, E, NE and DA may be used to monitor the adrenal function, and may be useful in investigations of the stress effect in these species, after exposure to stressors lasting only 5 min.
